Adherens junctions (AJs) and tight junctions (TJs) comprise a junctional complex which plays key roles not only in cell adhesion and polarization but also in regulation of cell movement and proliferation in epithelial cells. E-Cadherin and nectin are major cell-cell adhesion molecules (CAMs) at AJs, whereas claudin is a major CAM at TJs. We have shown that the cadherin-based cell-cell adhesion is not formed in MDCK cells in which annexin II, a Ca 2 þ -and phospholipid-binding protein, is knocked down. Here, we found that TJs and the nectin-based cell-cell adhesions were formed in annexin II-knockdown cells. The formation of TJs in annexin II-knockdown MDCK cells required the nectin-based cell-cell adhesion and afadin, a nectin-and actin-filament-binding protein. In addition, it required the activation of Cdc42 and Rac small G proteins and subsequent reorganization of the IQGAP1-dependent actin cytoskeleton which were induced by the nectin-based cell-cell adhesion. These results indicate that the nectinbased cell-cell adhesion and afadin, but not the cadherinbased cell-cell adhesion, are necessary for the formation of TJs and that the signaling by nectin and the subsequent reorganization of the actin cytoskeleton are also necessary for the formation of TJs under certain conditions.
Introduction
In polarized epithelial cells, cell-cell adhesion is mediated through a junctional complex comprising of tight junctions (TJs), adherens junctions (AJs), and desmosomes (DSs) (Farquhar and Palade, 1963) . These junctional structures are typically aligned from the apical to basal sides, although DSs are independently distributed in other areas. Tight junctions are likely to serve as a barrier that prevents solutes and water from passing through the paracellular pathway and as a fence between the apical and basolateral plasma membranes in epithelial cells. Adherens junctions are closely apposed plasma membrane domains reinforced by a dense cytoplasmic plaque where actin filament (F-actin) bundles are undercoated. Desmosomes are button-like points of intercellular contact that rivet cells together and they serve as anchoring sites for rope-like intermediate filaments, which form a structural framework of great tensile strength, inside the cells (Garrod et al., 2002; Getsios et al., 2004) . The formation and maintenance of TJs and DSs depend on the formation and maintenance of AJs (Yap et al., 1997) . The junctional complex plays key roles not only in cell adhesion and polarization but also in regulation of cell movement and proliferation (Abercrombie and Heaysman, 1953; Farquhar and Palade, 1963; Fisher and Yeh, 1967) . In many cancer cells, the junctional complex is impaired and this impairment is prerequisite for invasion and metastasis of cancer cells (Cavallaro and Christofori, 2004) .
At TJs, claudin is a key Ca 2 þ -independent cell-cell adhesion molecule (CAM), which constitutes a family of over 27 members (Tsukita and Furuse, 1999; Tsukita et al., 2001) . Occludin is another CAM at TJs, but its function has not been established. Claudin and occludin are associated with the actin cytoskeleton through peripheral membrane proteins, such as ZO-1, -2, and -3. Junctional adhesion molecule (JAM), which belongs to the Ca 2 þ -independent immunoglobulin (Ig)-like CAM, also localizes at TJs and interacts with ZO proteins Dejana, 2004) . Junctional adhesion molecule comprises a family consisting of four members. At AJs, E-cadherin, a member of the cadherin superfamily consisting of over 80 members, is a key Ca 2 þ -dependent CAM (Takeichi, 1995; Gumbiner, 2000; Yagi and Takeichi, 2000; Nagafuchi, 2001; Perez-Moreno et al., 2003) . E-Cadherin is associated with many peripheral membrane proteins, including p120 ctn , b-catenin, a-catenin, vinculin, and a-actinin. The latter three proteins are F-actin-binding proteins. E-Cadherin is associated with the actin cytoskeleton through these proteins and this association strengthens the cell-cell adhesion activity of E-cadherin. At DSs, desmosomal cadherins, desmocollin, and desmoglein are key Ca 2 þ -dependent CAMs. Their cytoplasmic tails bind plakoglobin, which in turn binds to desmoplakin. Desmoplakin also binds to the sides of intermediate filaments, thereby tying DSs to these filaments (Garrod et al., 2002; Getsios et al., 2004) .
Nectin, which constitutes a family of four members, has recently emerged as a Ca 2 þ -independent Ig-like CAM at AJs Takai and Nakanishi, 2003; Sakisaka and Takai, 2004; Fukuyama et al., 2005; Kawakatsu et al., 2005) . All nectins are associated with the actin cytoskeleton through afadin, an F-actin-and nectin-binding protein.
Each nectin first forms homo-cis-dimers and then homoor hetero-trans-dimers through the extracellular region in a Ca 2 þ -independent manner, causing cell-cell adhesion. Nectin first forms cell-cell adhesion and induces the activation of Rap1, Cdc42, and Rac small G proteins through c-Src. Cdc42 and Rac then reorganize the IQGAP1-dependent actin cytoskeleton (Kuroda et al., 1996; Katata et al., 2003) , which then recruits non-trans-interacting cadherin to the nectin-based cellcell adhesion sites (Sato et al., 2006) . Rap1 binds to afadin, which then interacts with p120 ctn , inhibiting the endocytosis of the accumulated non-trans-interacting E-cadherin and also enhancing the trans-interaction of the accumulated non-trans-interacting E-cadherin (Hoshino et al., 2005; Sato et al., 2006) . In addition, Cdc42 activated by the action of trans-interacting nectin then increases the number of filopodia and cell-cell adhesion sites, whereas activated Rac induces the formation of lamellipodia and efficiently seals the cell-cell adhesion between filopodia like a zipper. Thus, the transinteraction of nectin induces the formation of AJs in a complex mechanism.
Furthermore, after or during the formation of AJs, nectin recruits first JAM and then claudin and occludin to the apical side of AJs in cooperation with cadherin, resulting in the formation of TJs (Takai and Nakanishi, 2003) . Junctional adhesion molecule binds the cellpolarity protein complex, consisting of Par-3, atypical protein kinase C (aPKC), and Par-6, by directly binding Par-3 and recruits the complex to TJs (Ohno, 2001; Roh and Margolis, 2003) . This complex is essential for the formation of TJs. It remains, however, unknown how nectin recruits the TJ components to the apical side of AJs, but it may be noted that nectin-1 and -3, but not nectin-2, directly bind Par-3 (Takekuni et al., 2003) . Cdc42 activated by the action of trans-interacting nectin is likely to bind to Par-6 and activate the polarity protein complex .
It has been believed that the formation and maintenance of TJs are dependent on the formation and maintenance of AJs (Yap et al., 1997) , on the basis of several lines of evidence: (1) the formation and maintenance of TJs are dependent on extracellular Ca 2 þ , which is necessary for the cell-cell adhesion activity of cadherin and the formation of DSs (Gonzalez-Mariscal et al., 1985; Gumbiner et al., 1988; Garrod et al., 2002; Getsios et al., 2004) , but not for that of nectin, claudin, occludin, or JAM; (2) E-cadherin-blocking antibodies (Abs) inhibit the formation of TJs as estimated by electron microscopy and barrier assay (Gumbiner et al., 1988) ; (3) AJs or TJs are not formed in PC9 carcinoma cells, which do not express a-catenin (Watabe et al., 1994) ; and (4) the formation of TJs is always accompanied by the formation of AJs (Yap et al., 1997) . However, all of these lines of evidence are circumstantial and not definitive. There is one report describing AJ-independent formation of TJs: when MDCK cells pre-cultured at low Ca 2 þ are re-cultured at low Ca 2 þ in the presence of a tumor-promoting phorbol ester, 12-Otetradecanoyl-phorbol-13-acetate (TPA), a TJ-like structure is formed, and that E-cadherin does not accumulate there (Balda et al., 1993) . However, we have recently found that non-trans-interacting E-cadherin, which associates with p120 ctn , b-catenin, and a-catenin, is recruited to the nectin-based cell-cell adhesion sites by the action of TPA at low Ca 2 þ (Okamoto et al., 2005) . On the other hand, the actin cytoskeleton is essential for the formation of AJs and TJs (Stevenson and Begg, 1994; Adams and Nelson, 1998; Quinlan and Hyatt, 1999; Wittchen et al., 1999; Ma et al., 2000; Vasioukhin et al., 2000; Yamada et al., 2004) . We have recently found, in the Ca 2 þ switch experiment using MDCK cells, that E-cadherin and its associating proteins, such as p120 ctn , b-catenin, and a-catenin, are not recruited to the nectin-based cell-cell adhesion sites in the presence of a protein synthesis inhibitor, cycloheximide, or a proteasome inhibitor, N-acetyl-Leu-Leu-norleucinal . A protein factor(s) is likely to be degraded during the disruption of AJs at low Ca 2 þ and the same or different factor is de novo synthesized during the formation of AJs at normal Ca 2 þ . We have identified at least one of them to be the annexin II-S100A10 complex . Annexin II, also called calpactin I heavy chain, is a member of the annexin family of Ca 2 þ -and phospholipid-binding protein and forms a heterotetrameric complex with S100A10, also called calpactin I light chain (Gerke and Moss, 2002) . Annexin II binds to F-actin in a Ca 2 þ -and phospholipid-dependent manner. In annexin II-knockdown MDCK cells, E-cadherin or any of its associating proteins is not recruited to the nectin-based cell-cell adhesion sites to form AJs . These results indicate that at least the annexin II-S100A10 complex is necessary for the formation of AJs in MDCK cells. Here, we first examined whether the knockdown of annexin II affects the formation of TJs and found that the knockdown of annexin II inhibited the formation of cadherin-based cell-cell adhesion, but not TJs. We next confirmed that knockdown of a-catenin inhibited the formation of both cadherin-based cell-cell adhesion and TJs, but not that of the nectin-based cell-cell adhesion, in MDCK cells, and found that additional knockdown of annexin II restored the formation of TJs, but not that of AJs. In addition, the formation of TJs in annexin IIknockdown MDCK cells required the nectin-based cellcell adhesion, afadin, and the IQGAP1-dependent actin cytoskeleton reorganized by Cdc42 and Rac which are activated by the action of trans-interacting nectin. Thus, nectin plays a more important mechanistic role than cadherin in the formation of TJs.
Results
Inhibition of the formation of cadherin-based cell-cell adhesion, but not that of tight junctions, by knockdown of annexin II in MDCK cells We have previously shown that knockdown of annexin II inhibits the formation of AJs . We first examined whether the knockdown of annexin II affects the formation of TJs. Wild-type MDCK cells were transfected either with pBS-H1-annexin II for the knockdown of annexin II or with pBS-H1 as a control. Western blotting showed that the amount of annexin II was markedly reduced in annexin II-knockdown MDCK cells (Figure 1Aa ). The amounts of the major AJ, TJ, or DS components, including E-cadherin, b-catenin, a-catenin, afadin, claudin-1, ZO-1, and desmoplakin, did not significantly change. We then immunohistochemically examined the localization of these AJ, TJ, and DS components in annexin IIknockdown MDCK cells. Wild-type MDCK cells were co-transfected with pBS-H1-annexin II and pEGFP and the Ca 2 þ switch experiment was performed. When the cells pre-cultured at 2 mM Ca 2 þ were re-cultured at 2 mM Ca 2 þ , the immunofluorescence signal for any of the major AJ or DS components, including E-cadherin, b-catenin, a-catenin, or desmoplakin, was not concentrated at the cell-cell adhesion sites in the annexin IIknockdown MDCK cells that expressed GFP ( Figure  1A , b and c). The signal for afadin localized there. In contrast, the major TJ components, including claudin-1 and ZO-1, were concentrated at the cell-cell adhesion sites. The signals for occludin and JAM-A were also concentrated there (data not shown). The signals for all the major AJ and TJ components were concentrated at the cell-cell adhesion sites in the wild-type MDCK cells which did not express GFP. On the other hand, the signals for all the major AJ, TJ, and DS components were concentrated at the cell-cell adhesion sites in the wild-type MDCK cells co-transfected with pBS-H1 and pEGFP (data not shown). The essentially same results were obtained from the re-plating experiments, in which annexin II-knockdown MDCK cells were re-plated at normal Ca 2 þ ( Figure 1B, a and b) . Consistently, the cell dissociation assay showed that annexin II-knockdown MDCK cells formed smaller aggregates than wild-type MDCK cells ( Figure 1C, a and b) . These results indicate that TJs and the nectin-based cell-cell adhesion, but not the cadherin-based cell-cell adhesion or DSs, are formed in annexin II-knockdown MDCK cells, and suggest that nectin plays a more important mechanistic role than cadherin in the formation of TJs.
Inhibition of the formation of cadherin-based cell-cell adhesion and tight junctions by knockdown of a-catenin in MDCK cells We cannot exclude the possibility only from the above results that residual cadherin, which cannot be detected by immunofluorescence microscopy, remains at AJs in annexin II-knockdown MDCK cells and that this residual cadherin is involved in the formation of TJs. Therefore, we attempted to obtain another line of evidence that the cadherin-based cell-cell adhesion is not essential for the formation of TJs under certain conditions. For this purpose, we took advantage of a-catenin-knockdown MDCK cells, because it has been shown that neither AJs nor TJs are formed in PC9 carcinoma cells, which do not express a-catenin (Watabe et al., 1994) . Wild-type MDCK cells were transfected with pBS-H1-a-catenin or pBS-H1 as control. Western blotting showed that the amount of a-catenin was markedly reduced in a-catenin-knockdown MDCK cells (Figure 2Aa ). The amounts of other major AJ or TJ components, including E-cadherin, b-catenin, afadin, claudin-1, and ZO-1, did not significantly change. We then immunohistochemically examined the localization of these AJ and TJ components in a-catenin-knockdown MDCK cells. Wild-type MDCK cells were co-transfected with pBS-H1-a-catenin and pEGFP and the Ca 2 þ switch experiment was performed. The immunofluorescence signal for any of the major AJ or TJ components, including E-cadherin, b-catenin, a-catenin, claudin-1, or ZO-1, was not concentrated at the cell-cell adhesion sites in the a-catenin-knockdown MDCK cells that expressed GFP (Figure 2A, b and c) . Similarly, the signal for occludin or JAM-A was not concentrated there (data not shown). The signals for afadin and annexin II localized there. In contrast, the signals for the major AJ and TJ components, including E-cadherin, b-catenin, a-catenin, afadin, claudin-1, and ZO-1, were concentrated at the cell-cell adhesion sites in the wildtype MDCK cells that did not express GFP. The essentially same results were obtained from the replating experiments, in which a-catenin-knockdown MDCK cells were re-plated at normal Ca 2 þ ( Figure  2B , a and b). Consistently, the cell dissociation assay showed that a-catenin-knockdown MDCK cells formed the smaller aggregates than the control cells ( Figure 2C ). These results are consistent with the earlier observations (Watabe et al., 1994) and indicate that at least a normal expression level of a-catenin is necessary for the formation of cadherin-based cell-cell adhesion and TJs, but not that of the nectin-based cell-cell adhesion.
Formation of tight junctions by additional knockdown of annexin II in a-catenin-knockdown MDCK cells
We then additionally knocked down annexin II in a-catenin-knockdown MDCK cells to examine whether the additional knockdown of annexin II restores the formation of TJs. Wild-type MDCK cells were co-transfected with pBS-H1-a-catenin and pBS-H1-annexin II or pBS-H1 as control. Western blotting showed that the amounts of a-catenin and annexin II were markedly reduced in a-catenin-and annexin IIdouble knockdown MDCK cells (Figure 3Aa ). The amounts of other major AJ or TJ components, including E-cadherin, b-catenin, afadin, claudin-1, and ZO-1, did not significantly change. We then immunohistochemically examined the localization of these AJ and TJ components in a-catenin-and annexin II-double knockdown MDCK cells. Wild-type MDCK cells were cotransfected with pBS-H1-a-catenin, pBS-H1-annexin II, and pEGFP and the Ca performed. The immunofluorescence signal for any of the major AJ components, including E-cadherin, b-catenin, or a-catenin, was not concentrated at the cell-cell adhesion sites where the signal for afadin remained there ( Figure 3A , b and c). In contrast, the signals for the major TJ components, including claudin-1 and ZO-1, were re-concentrated at the cell-cell adhesion sites. The signals for occludin and JAM-A were also re-concentrated there (data not shown). The essentially same results were also obtained from the replating experiments, in which a-catenin-and annexin IIdouble knockdown MDCK cells were re-plated at normal Ca 2 þ ( Figure 3B , a and b). These results indicate that the additional knockdown of annexin II restores the formation of TJs in a-catenin-knockdown MDCK cells and have provided another line of evidence that nectin plays a more important mechanistic role than cadherin in the formation of TJs. It may be noted that annexin II and a-catenin play negative and positive regulatory roles, respectively, in the formation of TJs, whereas both proteins play positive regulatory roles in the formation of cadherin-based cell-cell adhesion.
Formation of functional tight junctions in annexin IIknockdown MDCK cells
We then examined by electron microscopy whether TJs were indeed formed in annexin II-knockdown MDCK cells. To achieve sufficient transfection efficiency of MDCK cells with RNAi, adenoviruses were constructed to deliver a DNA construct encoding a short hairpin RNA (shRNA) along with the H1 promoter to knockdown annexin II. The recombinant adenovirus is known to provide a versatile system for gene expression studies, because high titers and high levels of transgenes are obtained (He et al., 1998) . The cells infected with the virus were monitored by expression of the GFP gene, which was incorporated into the adenoviral backbone under the cytomegalovirus (CMV) promoter. Immunofluorescence microscopy revealed that most MDCK cells were infected with the adenovirus and the immunofluorescence signal for annexin II was undetectable at the cell-cell adhesion sites in the wild-type MDCK cells infected with the annexin II-knockdown adenovirus ( Figure 4A ). After the Ca 2 þ switch experiment, the control and annexin II-knockdown MDCK cells were fixed and subjected to electron microscopy using the freeze-fracture method. Junctional strands, which were made by claudin, were similarly observed in both cells ( Figure 4B , a and b). These results indicate that the junctional strands are formed in annexin II-knockdown MDCK cells.
We then measured the paracellular diffusion of a nonionic solute, FITC-conjugated dextran, to examine that TJs formed in annexin II-knockdown MDCK cells function as a barrier. Both the control and annexin IIknockdown MDCK cells showed similar diffusion of FITC-conjugated dextran ( Figure 4C ), indicating that TJs formed are functional as a barrier in annexin IIknockdown MDCK cells.
Involvement of the nectin-based cell-cell adhesion in the formation of tight junctions in annexin II-knockdown MDCK cells
We have previously shown by use of the nectin inhibitors, a fragment of glycoprotein D fused to human IgG Fc (gD) and an extracellular fragment of nectin-3 fused to human IgG Fc (Nef-3), that the nectin-based cell-cell adhesion is necessary for the recruitment of claudin-1, occludin, and JAM-A to the apical side of AJs (Fukuhara et al., 2002a, b; Honda et al., 2003a) . We similarly examined the effect of these nectin inhibitors on the formation of TJs in annexin II-knockdown MDCK cells. The cells pre-cultured at 2 mM Ca 2 þ were re-cultured at 2 mM Ca 2 þ in the presence or absence of the nectin inhibitors. In the absence of the nectin inhibitors, the immunofluorescence signals for afadin and the major TJ components, including claudin-1 and ZO-1, were detected at the cell-cell adhesion sites Nectin-dependent, cadherin-independent TJ formation A Yamada et al (Figure 5a and b) . However, in the presence of the nectin inhibitors, the signal for afadin at the cell-cell adhesion sites was markedly reduced. Similarly, the signals for the major TJ components, including claudin-1 and ZO-1, at the cell-cell adhesion sites were reduced. The essentially same results were obtained for occludin and JAM-A (data not shown). These results indicate that the nectinbased cell-cell adhesion is necessary for the formation of TJs in annexin II-knockdown MDCK cells.
Involvement of afadin in the formation of tight junctions in annexin II-knockdown MDCK cells
We have recently knocked down afadin in MDCK cells and shown that afadin is not necessary for the formation of the nectin-based cell-cell adhesion, but necessary for the formation of AJs and the subsequent formation of TJs (Sato et al., 2006) . We then additionally knocked down afadin in annexin II-knockdown MDCK cells. Western blotting showed that the amounts of afadin and annexin II were markedly reduced in afadinand annexin II-double knockdown MDCK cells ( Figure 6A ). The amount of any other major AJ or TJ components did not significantly change. In afadin-and annexin II-double knockdown cells, the immunofluorescence signals for the major TJ components, including claudin-1 and ZO-1, were markedly reduced at the nectin-based cell-cell adhesion sites ( Figure 6B, a and  b) . The essentially same results were obtained for occludin and JAM-A (data not shown). These results indicate that afadin is necessary for the formation of TJs in annexin II-knockdown MDCK cells.
Involvement of the IQGAP1-dependent actin cytoskeleton in the formation of tight junctions in annexin IIknockdown MDCK cells We have previously shown that the actin cytoskeleton is necessary for the formation of AJs and TJs in wild-type MDCK cells (Yamada et al., 2004) . We next examined by use of latrunculin A, an actin-disrupting reagent (Spector et al., 1989) , whether the actin cytoskeleton is necessary for the formation of TJs in annexin IIknockdown MDCK cells. In annexin II-knockdown MDCK cells, the immunofluorescence signals for the major TJ components, including claudin-1 and ZO-1, were concentrated at the nectin-based cell-cell adhesion sites in the absence of latrunculin A, whereas they were markedly reduced in the presence of this reagent ( Figure  7A, a and b) . The essentially same results were obtained for occludin and JAM-A (data not shown). These results indicate that at least the latrunculin A-sensitive actin cytoskeleton is necessary for the formation of TJs in annexin II-knockdown MDCK cells. IQGAP1, an F-actin-binding protein, which is a downstream target of Cdc42 and Rac (Kuroda et al., 1996) , has been shown to play a role in the formation of AJs (Katata et al., 2003; Izumi et al., 2004) . We then additionally knocked down IQGAP1 in annexin II-knockdown MDCK cells. Western blotting showed that the amounts of annexin II and IQGAP1 were markedly reduced in annexin II-and IQGAP1-double knockdown MDCK cells (Figure 7Ba ). The amount of any other major AJ or TJ components did not significantly change. In annexin II-and IQGAP1-double knockdown MDCK cells, the signals for the major TJ components, including claudin-1 and ZO-1, were reduced at the nectin-based cell-cell adhesion sites ( Figure 7B, b and c) . The essentially same results were obtained for occludin and JAM-A (data not shown). These results indicate that at least IQGAP1 is involved in the formation of TJs in annexin II-knockdown MDCK cells.
Involvement of the signaling by nectin in the formation of tight junctions in annexin II-knockdown MDCK cells
We have previously shown that IQGAP1 is involved in the formation of AJs downstream of Cdc42 and Rac, both of which are activated by trans-interacting nectin (Kawakatsu et al., 2002; Katata et al., 2003; Izumi et al., 2004) . The activation of these small G proteins is Nectin-dependent, cadherin-independent TJ formation A Yamada et al mediated by the activation of c-Src and Rap1 Fukuyama et al., 2005) . We then examined whether the signaling by nectin is necessary for the formation of TJs in annexin II-knockdown MDCK cells. In annexin II-knockdown MDCK cells, the immunofluorescence signals for the TJ components, including claudin-1 and ZO-1, were concentrated at the nectin-based cell-cell adhesion sites in the presence of PP3, whereas they were markedly reduced in the presence of PP2 ( Figure 8A, a and b) . PP2 is an inhibitor for the c-Src signaling, whereas PP3 is an inactive analog of PP2 (Inoue et al., 2003) . Expression of Rap1GAP, which hydrolyses GTP and inactivates Rap1 (Rubinfeld et al., 1991) , showed the similar effects to those observed in the presence of PP2 ( Figure 8B, a and  b) . Expression of N-WASP-CRIB, which specifically binds to GTP-Cdc42 and suppresses the Cdc42 activity (Miki et al., 1998) , also showed the similar effects Nectin-dependent, cadherin-independent TJ formation A Yamada et al Nectin-dependent, cadherin-independent TJ formation A Yamada et al
Involvement of protein kinase C activation in the formation of tight junctions in annexin II-knockdown MDCK cells
It has been shown that the TPA-induced activation of PKC restores the formation of TJs in a human colon carcinoma cell line which does not express a-catenin (van Hengel et al., 1997) . In the last set of experiments, we examined by use of Bisindolylmaleimide I, a PKC inhibitor (Andreeva et al., 2001) , whether the activation of PKC is involved in the formation of TJs in annexin II-knockdown MDCK cells. In annexin II-knockdown MDCK cells, the immunofluorescence signals for the major TJ components, including claudin-1 and ZO-1, were concentrated at the nectin-based cell-cell adhesion sites in the absence of Bisindolylmaleimide I, whereas they were markedly reduced in the presence of this reagent (Figure 9a and b) . The essentially same results were obtained for occludin and JAM-A (data not shown). These results indicate that the activation of PKC is involved in the formation of TJs in annexin IIknockdown MDCK cells.
Discussion
We have first shown here that knockdown of annexin II inhibits the formation of cadherin-based cell-cell adhesion and DSs, but not TJs. Tight junctions formed in annexin II-knockdown cells have been confirmed to be structurally and functionally normal by three lines of evidence: (1) the immunofluorescence signals for all the major TJ components, including claudin-1, occludin, JAM-A, and ZO-1, were concentrated at the cell-cell adhesion sites; (2) junctional strands were observed by electron microscopy; and (3) TJs formed in annexin IIknockdown MDCK cells functioned as a barrier. These results indicate that annexin II is essential for the formation of cadherin-based cell-cell adhesion and DSs, but not TJs. It has been proposed on the basis of several lines of circumstantial evidence that cadherin plays a key regulatory role in the formation and maintenance of TJs (Gonzalez-Mariscal et al., 1985; Gumbiner et al., 1988; Watabe et al., 1994; Yap et al., 1997) . However, it has recently been shown that AJs are not absolutely required for recruitment of the cell-polarity protein complex to the apical domain of epithelial cells in Drosophila (Harris and Peifer, 2004) , and we have shown here that the cadherin-based cell-cell adhesion is not absolutely required for the formation of TJs under the experimental conditions in which annexin II is knocked down. We cannot exclude the possibility that residual cadherin, which cannot be detected by immunofluorescence microscopy, remains at AJs in annexin II-knockdown MDCK cells and that this residual cadherin is involved in the formation of TJs. This possibility is, however, unlikely because neither cadherin-based cell-cell adhesion nor TJs are formed in a-catenin-knockdown MDCK cells, consistent with the earlier observations that neither AJs nor TJs are formed in PC9 carcinoma cells, which do not express a-catenin (Watabe et al., 1994) , and additional knockdown of annexin II in a-catenin-knockdown MDCK cells restores the formation of TJs, but not that of cadherinbased cell-cell adhesion. It may be noted that annexin II plays a positive regulatory role in the formation of cadherin-based cell-cell adhesion in the presence of acatenin, whereas in the absence of a-catenin, it plays a negative regulatory role in the formation of TJs. In the presence of a-catenin, this inhibitory role of annexin II may be cancelled by a-catenin, which associates with cadherin through b-catenin.
We have then shown here that the formation of TJs requires the nectin-based cell-cell adhesion in annexin II-knockdown MDCK cells. We have presented many lines of evidence that the nectin-based cell-cell adhesion is necessary for the formation of AJs Takai and Nakanishi, 2003) . Recent detailed studies in MDCK cells have shown that trans-interacting nectin recruits non-trans-interacting E-cadherin, which associates with p120 ctn , b-catenin, and a-catenin, to the nectinbased cell-cell adhesion sites in an afadin-independent manner (Sato et al., 2005) . This recruitment is mediated by the association of a-catenin with the IQGAP1-dependent actin cytoskeleton reorganized by Cdc42 and Rac, which are activated by the action of transinteracting nectin through c-Src and Rap1 in an afadin-independent manner. On the other hand, afadin interacts with p120 ctn in a Rap1-dependent manner (Hoshino et al., 2005) , which enhances the transinteraction of non-trans-interacting E-cadherin (Sato et al., 2005) . Thus, nectin recruits cadherin to the nectinbased cell-cell adhesion sites through both the c-SrcRap1-Cdc42/Rac-IQGAP1-a-catenin and the c-SrcRap1-afadin-p120 ctn pathways. It still remains unclear how nectin recruits the TJ components to the apical side of the nectin-based cell-cell adhesion sites, but we have shown here that afadin is necessary for the recruitment of claudin-1, occludin, and JAM-A to the apical side of the nectin-based cell-cell adhesion sites to form TJs in annexin II-knockdown MDCK cells. It has been shown Nectin-dependent, cadherin-independent TJ formation A Yamada et al that ZO proteins are involved in the formation of TJs (Wittchen et al., 2000; Umeda et al., 2004) . In nonepithelial cells, which are deficient of TJs, ZO proteins have been shown to associate with cadherin through a-catenin (Itoh et al., 1997 ), but we have previously shown that ZO-1 associates with nectin through afadin in an a-catenin-independent manner (Yokoyama et al., 2001) . Therefore, nectin may recruit the TJ components through afadin and ZO proteins under the both conditions in which the cadherin-based cell-cell adhesion is formed and not formed.
In addition, we have shown here that at least the latrunculin A-sensitive actin cytoskeleton is involved in the formation of TJs in annexin II-knockdown MDCK cells. We have found here that at least IQGAP1 is involved in the formation of TJs and that the activation of Cdc42 and Rac through c-Src and Rap1 by the action of trans-interacting nectin is involved in the IQGAP1-dependent reorganization of the actin cytoskeleton, similar to the formation of the cadherin-based cell-cell adhesion. Taken together the facts that afadin and ZO proteins are also F-actin-binding proteins (Itoh et al., 1997; Mandai et al., 1997) , it is likely that the actin cytoskeleton reorganized by these many actin-binding proteins may make a micro-submembrane domain around the nectin-based cell-cell adhesion sites and recruits JAM, claudin, and occludin there to form TJs. Thus, the actin cytoskeleton reorganized by the action of nectin and afadin plays a crucial regulatory role in the formation of both AJs and TJs in cooperation with the actin cytoskeleton reorganized by the action of cadherin and its binding proteins. On the other hand, it has been shown that the TPA-induced activation of PKC restores the formation of TJs in a human colon carcinoma cell line which does not express a-catenin (van Hengel et al., 1997) . Consistently, we have shown here that the formation of TJs requires the activation of PKC in annexin II-knockdown MDCK cells. It remains, however, unknown how PKC is activated in annexin IIknockdown MDCK cells and how activated PKC is involved in the formation of TJs. In summary, it is likely from all of the present and previous observations that nectin plays a more important mechanistic role than cadherin in the formation of TJs.
Materials and methods
Cell culture and transfection MDCK cells were supplied by Dr W Birchmeier (MaxDelbruck-Center for Molecular Medicine, Berlin, Germany) and were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. For DNA transfection, Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) and Nucleofector kit (amaxa) were used.
Antibodies and chemicals
A rabbit anti-afadin polyclonal Ab (pAb) and mouse antiafadin monoclonal Ab (mAb) were prepared as described (Yamada et al., 2004 . A rat anti-E-cadherin mAb (ECCD-2) was supplied by Dr M Takeichi (Center for Developmental Biology, RIKEN, Kobe, Japan). Rabbit anticlaudin-1 pAb and anti-ZO-1 pAb were purchased from Zymed (San Francisco, CA, USA). A rabbit anti-a-catenin pAb was purchased from Sigma (St. Louis, MO, USA). A mouse anti-annexin II mAb, mouse anti-IQGAP1 mAb, mouse anti-p120 ctn mAb, and mouse anti-a-catenin mAb were purchased from BD Biosciences (San Jose, CA, USA). A mouse anti-b-catenin mAb, rabbit anti-annexin II pAb, and rabbit anti-IQGAP1 pAb were purchased from Santa Cruz (Santa Cruz, CA, USA). A mouse anti-ZO-1 mAb was purchased from SANKO JUNYAKU (Tokyo, Japan). A mouse anti-Rac1 mAb was purchased from Upstate Biotechnology (Charlottesville, VA, USA). Rhodamine phalloidin was purchased from Molecular Probes (Eugene, OR, USA). A mouse anti-desmoplakin mAb was purchased from American Research Products (Belmont, MA, USA). Horseradish peroxidase-conjugated and fluorophore-conjugated secondary Abs were purchased from Amersham Biosciences and Chemicon (Buckinghamshire, England). gD and Nef-3 were prepared as described (Honda et al., 2003b) .
Knockdown experiment
For knockdown using a small interfering RNA (siRNA) method, a double-stranded 19-nucleotide RNA duplex to annexin II (5 0 -GGACCAACCAAGAACTTCA-3 0 ), a similar duplex to a-catenin (5 0 -CGTCTAGAAAGTATCATTA-3 0 ), and a similar duplex to luciferase (5 0 -CGTACGCGGAA TACTTCGA-3 0 ) with no significant homology to any known mammalian gene sequences as a control were purchased from Qiagen. The duplexes were transfected using a Nucleofector kit according to the manufacturer's protocol. For the knockdown of annexin II, a-catenin, afadin, Rac1, and IQGAP1 by an shRNA method, pBS-H1 containing the H1 promoter was used for expression of the shRNA. To generate vectors for the knockdown of annexin II (pBS-H1-annexin II), a-catenin (pBS-H1-a-catenin), afadin (pBS-H1-afadin), Rac1 (pBS-H1-Rac1), or IQGAP1 (pBS-H1-IQGAP1), a specific insert for annexin II, a-catenin, afadin, Rac1, or IQGAP1 was subcloned into pBS-H1 as described . The inserts for annexin II, a-catenin, afadin, Rac1, and IQGAP1 were 5
0 , and 5 0 -CGTGATTCAGT GGTTGAAT-3 0 , respectively. The cells were co-transfected with pBS-H1 and pEGFP (Clontech) using Lipofectamine 2000 reagent. The GFP-positive cells were monitored as a marker of the co-transfection. The adenovirus vector was constructed for the annexin II-knockdown by excising the shRNA-annexin II fragment along with the H1 promoter from pBS-H1-annexin II, followed by ligation of the fragment into pAdTrack, from which the CMV promoter for protein expression had been deleted. The virus was purified by CsCl banding with 10 11 -10 12 plaque-forming units, and introduced into the cells and cultured as described (He et al., 1998) .
switch experiment was carried out as described (Fukuhara et al., 2002a, b; Yamada et al., 2005) . Briefly, the cells (5 Â 10 4 ) were plated on 18-mm glass coverslips in 12-well culture dishes. At 72 h after the plating, the cells were washed with phosphate-buffered saline (PBS) and cultured at 2 mM Ca 2 þ in DMEM without serum for 1 h. The cells pre-cultured at 2 mM Ca 2 þ in DMEM with 5 mM EGTA for 3 h were Nectin-dependent, cadherin-independent TJ formation A Yamada et al re-cultured at 2 mM Ca 2 þ for 4 h. When the cells were treated with a mixture of gD and Nef-3, the cells were washed with PBS and re-cultured at 2 mM Ca 2 þ in DMEM without serum for 1 h. The cells pre-cultured at 2 mM Ca 2 þ for 3 h were then cultured at 2 mM Ca 2 þ in the presence or absence of 60 mg/ml gD and 60 mg/ml Nef-3 for 1 h. When the cells were treated with PP2 or PP3 (Calbiochem), the cells were washed with PBS and re-cultured at 2 mM Ca 2 þ in DMEM without serum for 1 h. The cells pre-cultured at 2 mM Ca 2 þ for 3 h were then cultured at 2 mM Ca 2 þ in the presence or absence of 10 mM PP2 or 10 mM PP3 for 4 h. When the cells were treated with Bisindolylmaleimide I (Calbiochem), the cells were washed with PBS and re-cultured at 2 mM Ca 2 þ in DMEM without serum for 1 h. The cells pre-cultured at 2 mM Ca 2 þ for 3 h. Bisindolylmaleimide I at a concentration of 5 mM was added 0.5 h before the cells cultured at 2 mM Ca 2 þ in the presence of 5 mM Bisindolylmaleimide I for 4 h.
Freeze-fracture electron microscopy Annexin II-knockdown MDCK cells were grown on Transwell filters for 72 h. After the Ca 2 þ switch experiment, the cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3, at 41C for 24 h. They were washed with a cacodylate buffer, immersed in 30% glycerol in the cacodylate buffer for 1 h, and then frozen in liquid nitrogen. The frozen samples were fractured at À1101C and platinum-shadowed unidirectionally at an angle of 451 in Balzers Freeze Etching System (BAF060; BAL-TEC). The samples were then immersed in household bleach, and the replicas floating off the Other procedures Cell dissociation assay was carried out as described . Immunofluorescence microscopy was performed as described (Fukuhara et al., 2002a, b; Yamada et al., 2005) . The recruitment index was defined as positive when the intensity was above 150/256 of the gradation of the total pixels on the cell-cell adhesion sites. The barrier function of TJs in annexin II-knockdown MDCK cells grown on Transwell filters was evaluated as described (Fukuhara et al., 2002b) .
